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ABSTRACT

BEHAVIORAL AND DEVELOPMENTAL RESPONSES INDUCED
IN CAENORHABDITIS ELEGANS AND IN SOME PLANT-PARASITIC
NEMATODES BY 5-H YDR0XYTRYPTOPHANE AND DOPAMINE
February 1980
Shiou-Pin Huang
B.S., Chung Hsing University, Taiwan
M.S., University of California, Riverside
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A water-filled micropipette(less than 1 pm in orifice)
was inserted into the vulval region of Caenorhabditis
elegans(Maupas.
Bastian,
Cobb,

1900) Dougherty,

1953, Aphelenchus avenae

1865, Scutellonema sp,, Xiphinema americanum

1913, and Tylenchorhynchus dubius(Butschli.

Filipjev,

1873)

1936 to investigate the effects on these

nematodes. After insertion,
propagate body waves,

the nematodes were able to

deposit eggs,

locate and feed on host

root and survive several days with no visible differences
from non-treated nematodes. Small sized free-living and
plant-parasitic nematodes were found to be tolerant of the
micropipette insertion.
lH Yj-tr0 ejection tests showed that ferritin particles

lL
and

C—threonine were iontophoretically introduced onto

grids and into scintillation vials, respectively. Also,

v

the

ferritin particles,

after being introduced into the nematode

body, were observed to be dispersed within the C.

elegans

body under electron microscopic observation. The findings
show that these chemicals were ejected from the micro¬
pipette by low current(less than 40 nA) application.
5-HTP was then introduced into the vulval region of
C.

elegans and T. dubius via iontophoretic ejection for

2 min. About 15 min after injection, 42.2% of the C.

elegans

responded with pharyngeal basal bulb pulsations, vulval
contractions, or both, whereas 14^ of the T.

dubius showed

rhythmic stylet thrusting. Duration of these behavioral
responses was generally less than 2 hr, and the maximum
duration was 3 hr. The same behavioral responses were
observed in nematodes topically treated with 5-HTP. The
results indicate that normal nematode behavioral responses
to 5-HTP are not visibly disrupted by iontophoretic
injection. The responses were observed after injected
nematode stopped body movement. However,

the nematodes

resumed body movement after the response period.
Two speculations to explain the results that 5-HTP
solution which was iontophoretically introduced into the
vulval region of C.

elegans or T.

dubius.

induced,

respectively, pharyngeal pumping or stylet thrusting,

are

that the ejected chemical passes through the pseudocoelom

vi

to the pharynx, and that there is a 5-HTP affinity mechanism
in the vulval region, which transmits a message via the
central nervous system to the pharynx.
An antagonisitic relationship between the rates of
pharyngeal pumping and vulval contraction in C.

elegans was

found in both 5-HTP iontophoretic and the topical applica¬
tion. The two behavioral activities were considered to be
modulated by the nerve ring.
Topical application of 5-HTP activated basal bulb
pulsation in C.

elegans. The mean number of bulb pulsation

per min significantly declined with age(x = 256 at 6 dayold,

224 at 12 day-old and 154 at 18 day-old). The plant-

parasitic nematode T. dubius required a higher dosage of
5-HTP to induce stylet thrusting than did C.

elegans for

basal bulb pulsation. These results suggest that less 5-HTP
passes through the cuticle of the plant-parasitic nematode
than through that of the free-living nematodes,

or T.

has a higher activation threshold for 5-HTP than C.

dubius

elegans

has.
Addition of 5-HTP or dopamine to axenic media did not
influence the fecundity or life span of C.

elegans.

The

body volume of treated worms was greater than those of
untreated. These results indicate that 5-HTP and dopamine
may influence growth of C.

elegans.

Vll

In addition,

the current research suggests that each

normal "behavioral activity of a nematode is modulated by
more than one neurotransmitter,

and that these putative

neurotransmitters may antagonize or share in an effect on
the same behavioral activity.

vm
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CHAPTER

I

INTRODUCTION

Iontophoresis has been widely used in studies of the
electrophysiology and neuropharmacology of animal and
plant cells. Free-living nematodes,
elegans,

such as Caenorhabditis

and plant-parasitic nematodes have generally been

considered unsuitable for micropipette insertion because
of their high hydrostatic pressure and small size(about
1000-2000 pm in body length and 30-50 pm in width).
Recently, however, Tattar et al.(1977) inserted a fine
glass electrode(tip diameter less than 1 pm) into C.
elegans without apparent destruction to this small
nematode. Nematodes were able to survive at least four
days after insertion. This technique offers a possible
means for iontophoretic application of chemicals into
specific locations of such small nematodes.
Certain putative neurotransmitters found in mammals
are also found in the nematode nervous system. Rohde(i960)
first histochemically showed cholinesterase in the nervous
system and associated sensory structures of several plant
parasitic nematodes. In 1976, with the addition of
inhibitors of nonspecific cholinesterase to histochemical
techniques,

specific cholinesterase was demonstrated in

the anterior sensory organs, nerve ring, and pharyngeal
1

2
nerves of several nematodes(Pertel et al.

1976; Wright and

Awan 1976; Goh and Davey 1976a). By the technique of
formaldehyde induced fluorescence(FIF),

catecholaminergic

neurons were localized in the nerve ring, ventral nerve
cords and tail of C.

elegans(Sulston et al.

1975)* while

serotoninergic neurons were found in the pharynx and tail
of Asoiculuris tetractera(Anya 1973)*
Certain kinds of nematode behavior were shown to be
stimulated by these putative neurotransmitters. Sulston
et al.(1975) found that acetylcholine caused contraction
of the muscles of the body wall. By topical application,
Croll(1975b) demonstrated that serotonin activated vulval
contraction and egg deposition, and suppressed body
movement. The nematodes examined in these studies were C.
elegans and Aohelenchus avenae. Sulston et al.(1975)
suggested that dopaminergic neurons may coordinate
nematode copulation.
Recently,

the morphology of the anterior sensory

organs (Ward et al. 1975)» pharynx(Albertson and Thomson
1975)»

ventral nerve cord(White ejb al.

ring(Ware et al.

1975) of C.

1976) and nerve

elegans have been delineated

in detail. It is possible to use this information to
further study the behavioral control mechanisms of
putative neurotransmitters through iontophoresis. Plantparasitic nematodes have a similar organization with

3
free-living nematodes. These economically important
nematodes, which possess a stylet for feeding and show
slower movement than C.

elegans, were also examined in the

current study.
Nematodes have certain aging characteristics which
parallel similar changes in mammals. Experimental evidence
suggests that during aging lipids and protein in the
intestinal epithelium of C. briggsae are oxidized
resulting in the formation of lipofuscin(also called aging
pigment)(Epstein et al.

1972) which is considered a

characteristic sign of senescence in mammals(Kohn 1971).
Zuckerman et al.(1975) showed a reduction with age in the
negative charge of the outer cuticular surface of C.
briggsae. This change parallels a similar change which
occurs during aging of mammalian plasma membranes(Danon et
al_.

1972). Osmotic fragility and specific gravity also

increased with age(Zuckerman ejt al.

1971 and 1972). Both

age-related changes appear to agree with the previous
findings in human erythrocytes(Danon and Marikovsky 1964).
From these findings, some gerontologists believe aging in
nematodes proceeds along similar pathways in a number of
aging events to those in mammals, and use nematodes as
models for aging studies(Zuckerman's reviews 1974 and
1976; Rothstein’s review 1978).
Nematode behavior, such as body movement, pharyngeal

4
bulb pulsation and vulval contraction, were also shown to
decline with age(Croll 1975b; Croll et al.

1977)- The

decline in these movements may result from the
deterioration with age in the ability of the muscles to
respond to neurotransmitters,

a reduction in the normal

level of these neurotransmitters in nematode tissues or in
a progressive imbalance of neurotransmitters(Finch 1977)*
Some putative neurotransmitters have been suggested to be
endocrine hormones(Rogers and Head 1972) and to be
involved in nematode nutrient uptake(Lee 1970) and
development(McLaren 1976) of animal parasitic nematodes.
The addition of neurotransmitters to axenic culture of C.
elegans therefore theoretically could increase food uptake
and improve the development, reproduction and longevity of
the nematode.
In this dissertation,

the primary objectives were 1)

to investigate the effects of microinsertion on the body
resistance, body movement, feeding, survival and oviposition of nematodes,

especially on Tylenchorhynchus

dubius and C.

2) to develop a feasible method of

elegans,

iontophoretic application of 5-hydroxytryptophane(5-HTP)
into these nematodes,

3) to determine the mode of action

of 5-HTP on the behavioral activities of the nematodes,
and 4)

to examine the effects of dopamine and 5-HTP on the

growth, reproduction and life span of C.

elegans.

CHAPTER

II

LITERATURE REVIEW

Advantages of Using Nematodes for Biological Studies

In 1948, Dougherty and Calhoun(1948) first showed the
advantages of using free-living nematodes for genetic
studies. Free-living nematodes,
related nematodes are small,

especially C.

semi-transparent,

elegans and
and

widespread in the soil. They grow easily on Escherichia
coil culture. They have a short generation time which from
adult to adult is 3.5 days at 20 C(Brenner 1973). C.
elegans is a self-fertilizing hermaphrodite producing eggs
and endogenous sperm(Nigon 1949). Each hermaphrodite
starts reproduction at 3-4 days after hatching and stops
at 12 days. Hirsh et al.(1976) reported that each hermaph¬
rodite was able to produce 280 fertilized eggs at the rate
of about four per hour on an E.

coli lawn. The nematode

dies on the average between 25-30 days. The short life
span of the nematode and the fact that all the symptoms of
aging appear within a three week period, led gerontologists
(Zuckerman's review 1974 and 1976; Rothstein’s review
1978)

to utilize the free—living nematode for aging

research. Also,

the free-living nematodes can be cul-

tivated in axenic media(defined as a medium which contains

5
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no other organisms)(Vanfleteran's review 1978) and are
suited for physiological and biochemical analysis.
Nematodes are metazoan animals which possess a simple
but integrative organization which includes nervous,
digestive, muscular, reproductive and excretory systems.
Sulston and Horvitz(1977) found that the number of nonreproductive cells of C.

elegans was about 810 in the

mature hermaphrodite and about 970 in the mature male.
White estimated the nervous system of the soil nematode
was composed of about 300 neurons(Riddle’review 1978). No
regenerative ability has been reported in nematodes(Pai
1928).

The simplicity and integrity of nematode organiza¬

tion is suited for extensive study of their morphological
anatomy.
Brenner(1974b) estimated that C.

elegans has about

2500 genes, half the number of Drosophila. Sulston and
Brenner(197^) found that the nematode had a low haploid
DNA content(8 x 10? base pairs) which was only 20 times
the genome of E.

coli. Brenner(1973) speculated that it

will eventually be possible to dissect the control
mechanism of each gene to analyze behavior, which he
defined as

"the result of a complex and ill-understood set

of computations performed by nervous systems”.
C.

elegans is a convenient model organism to use for

genetic and behavioral research(Brenner 1973 and 1974ab)

7
and has become the subject of intensive biological study
(Edgar and Wood 1977)* Nigon(19^9) reported that the
hermaphrodite possesses five autosomes and two sex
chromosomes(5 AA + XX), while the male has five autosomes
and one sex chromosome(5 AA + XO).

This simple sex pattern

is suited for cytogenetic study(Dougherty and Calhoun
19^8a). Mutants of C.

elegans are easily induced by

mutagenic agents, for example,

ethyl methanesulfonate,

diethyl sulfate, X-ray, phosphorus-32(Riddle 1978). Most
mutants which have been characterized are nonlethal and
recessive,

and display a visible phenotype. Isogenic

clones of these mutants can be quickly obtained after the
generation. Males,

comprising 0.1$ of the nematode

population are produced only by meiotic non-disjunction
(Brenner 1973)* Meneely and Herman developed a heat-treat¬
ment method to increase the number of male progeny to 5$
(Riddle's review 1978). Males can be used in crosses with
desired mutant hermaphrodites and via heterozygous males
to transfer mutant genetic markers to other hermaphrodites.
Complementation tests and genetic mapping of the mutants
can thus be achieved.

Anatomy and Function of the Nervous System

There are two interneurons in the anterior lateral
cords which connect the nerve ring and pharyngeal nerves.

8
The neurons, which receive synaptic input from the nerve
ring,

enter the pharynx in the isthmus region and make gap

junctions with the two pharyngeal neurons,
and motor neuron Ml(Ward et al.

interneuron II

1975; Albertson and

Thomson 1975)• This nomenclature was established by
Albertson and Thomson(1975)• The pharynx possesses a
nearly independent neuromuscular system which includes
five classes of motor neurons(Ml, M2, M3, M4, and M5), six
classes of interneurons(II, 12,

13,

14,

15, and 16), and

three classes of neurons-neurosecretory-motor neurons,
motor-interneuron and marginal cell neurons. Albertson and
Thomson(1975) suggested a possible mechanism that neurons
«

12, which is connected to all motor neurons,

controlled

the pharyngeal pumping, whereas neurons II, which received
input from the nerve ring, mediated the inhibition of the
pumping,
In the ventral nerve cord of the lower part of the
body,

there are four classes of interneurons(c4 , ft ,f and

5 ) and five classes of motor neurons(A, B, C, AS and D)
(White et al.

1976). The interneurons receive synaptic

input from the nerve ring and innervate the motor neurons
A, B,

and AS. Motor neurons A and B were believed to be

excitatory and inhibitory for controlling the propagation
of body waves because they were found in both dorsal and
ventral cords. Class AS motor neurons, found only in the

9
dorsal cord, were suggested to innervate the dorsal
muscle,

e.g.,

to cause the ventral bend of the body,

whereas class C motor neurons, found only in the ventral
cord, were considered to innervate the ventral muscle,
e.g.,

to contract the vulval muscles. Class C motor

neurons probably receive synaptic input only from the
ganglia in the tail, but not from the cord. Class D motor
neurons, which are present in both dorsal and ventral
cords,

only receive synaptic input from other motor

neurons but not from other interneurons and the central
nervous system. The motor neurons were considered to
mediate the class A, B, and AS motor neurons at the
initial phases of the muscle oscillation.

Putative Neurotransmitters
Cholinergic system.
Cholinergic neurons exist widely in the nervous
system of nematodes. By histochemical techniques, acetyl¬
cholinesterase was demonstrated in the amphids,
labial papilla and buccal lining of C_.
al.

1976),

inner

elegans (Pertel

et

the amphidial, phasmidial and papillary glands

of Dipetalonema viteae(McLaren 1972),

the nerve ring of

certain plant-parasitic nematodes and free-living nematodes(Rohde i960; Wright and Awan 1976;
1976; Hogger ejfc al.

1978). Also,

Voss and Speich

the hydrolytic enzyme of

10
acetylcholine was shown in the pharynx of Phocanema
decipiens(Goh and Davey 1976a) and Necator americanum
(McLaren et al.

197^) and the musculature of A. lumb-

ricoides(Lee 1962). Cholinesterase was also assumed to
exist in the spicules of nematodes(Bird 1976).
McLaren(1976) assumed that D. viteae synthesized
acetylcholinesterase in the anterior sensory organs, and
that N. americanum synthesized cholinesterase during its
third molt. Cholinesterase was suggested as being asso¬
ciated with parasitism and survival in animal parasitic
nematodes(Lee 1970; McLaren 1976). Nwosu suggested that
acetylcholinesterase is involved in the control of both
energy metabolism and neuromuscular activity in Ancylostoma tubaeforme(Willett's review,

in press).

Acetylcholine is widely considered to be an excit¬
atory transmitter at nematode neuromuscular junctions
(Gerschenfeld

1973; Croll 1975b). This transmitter was

shown to cause contraction of body wall musculature which
was blocked by tubocurarine, while

r -aminobutyric

relaxed the body wall muscles(Sulston et al.

acid

1975). The

transmitter was also considered to be involved in egglaying (Horvitz et al.

1979). Croll(1975b) considered that

acetylcholine coordinated the exogenous activities,
somatic body movement.

e.g.,

Croll(1977) analyzing Goh and

Davey s data suggested that "pharyngeal pumping was under

11
cholinergic control". McLaren thought that a cholinergic
mechanism might be associated with the initiation of the
impulse of amphidial dendrites(Croll's review 1977).

The

sensory function of the male spicule is probably regulated
by cholinergic transmission(Lee 1972). It appears that
motor neurons are under cholinergic control. Acetylcholine
inhibition is assumed to be the mode of action of organophosphates and carbamates(Rohde i960).
Catecholaminergic system.
The catecholamines have been histochemically local¬
ized in the nervous systems of nematodes and generally
considered to be neurotransmitters. Sulston et al.(1975)
used the FIF technique to detect the catecholaminergic
neurons in C_.

elegans. Green fluorescent structures

thought to be dopaminergic neurons were observed in the
cephalic and deirid nerves,

the vesicles of the nerve ring

and the 6 cells of the male tail. By applying both the
histochemical techniques of FIF and glyoxylic acid
fluorescence to P.

deciniens, Goh and Davey(1976b) were

able to observe the catecholaminergic structures in the
cephalic papillary nerves, fibers and varicosities of the
nerve ring,

the ventral nerve cords and lateral nerves.

They also used autoradiography of electron microscopic
sections to localize and identify accumulated ¥?noradrenaline in the papillary nerves and fibers c*f the

12

3

nerve ring, and H -dopa in these nerves and also in
lateral nerves(Goh and Davey 1976c). This study suggests
that more than one transmitter exists in a single neuron.
Similar findings were reported in the nervous systems
of X. americanum(Hogger et al. 1978), A. lumbricoides
(Sulston et. a]^.

1975)» Prionculus punctatus, Panagrellus

redivivus and A. avenae(Wright and Awan 1978)*
However, Willett(in press)

considered that these

histochemical techniques could not discriminate between
dopaminergic neurons, noradrenergic or adrenergic neurons
because the spectral characteristics of these catechol¬
amine fluorophores were identical. He suggested using the
immunohistochemical technique developed by Fuxe et al.

to

differentiate them. Also, he considered that in these in
vitro experiments,

the uptake of the amine by adrenergic

neurons was relatively non-specific.
The catecholamines and their biosynthetic enzymes
were also demonstrated in nematode tissues. Tyrosine
hydroxylase and aromatic amino acid decarboxylase,

the

enzymes mediating dopamine biosynthesis, were shown in C.
elegans(Sulston et al.

1975). Kisiel et al.(1976)

incubated C. briggsae tissue homogenates with a precursor
of the catecholamines,
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C-tyrosine, and identified

radioactive products by two dimensional thin layer
chromatography and gas liquid chromatography. They found
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that the nematodes were able to synthesize the catecholamines via two biosynthetic pathways,
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v

C-tyrosine-

dopamin6','~^ dopamine—> noradrenalin—> epinephrine. Their
findings indicate that the nematode has the enzymes
required for biogenic amine synthesis. Other catechol¬
amines, such as octapamine, normetanephrine and metanephrine were also shown in another nematode,

P. redivivus

(Willett’s review in press).
Because catecholaminergic neurons were found in the
ventral nerve cord, Goh and Davey(1976bc) suggested that
the amines might play a role in somatic movement. They
also mentioned an interesting possibility that two amines
released from different neurons may be involved in the
same function. The catecholaminergic mechanisms were
thought to be integrated within the nerve ring of P.
decipiens(Goh and Davey 1976b). Croll(1975b) believed that
the endogenous systems(mainly in feeding and reproductive
activities) of catecholaminergic control were antagonistic
to the exogenous systems(mainly in somatic movement) which
are under cholinergic control. Catecholamines might have
an endocrine function involving the exsheathment of
Haemonchus contprtus(Rogers and Head 1972). An amine and a
neurohormone may modulate "the transmission of environment
signals for the regulation of some physiological processes
in the nematode"(Goh and Davey 1976c). Sulston et al.
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(1975) found that the dopamine deficient males of C.
elegans showed a lower efficiency than the wild types.
This finding hints that nematode copulation may he coordi¬
nated by dopaminergic neurons.
Serotoninergic system.
With a combination of FIF,

thin-layer chromatography

and spectrofluorimetric assay, Anya(1973) observed the
characteristic yellowish fluorescence given by 5-hydroxytryptamine(5-HT)

in the contractile muscle cells,

pharyngeal muscles,

secretory granules of the vas deferens,

and rectal ganglion of A.

tetraptera. He did not find

fluorescence in the nerve ring or the anterior sensory
neurons. In autoradiographic and ultrastruetural studies
of P.

decipiens t Goh and Davey(1976c) found that tritiated

serotonin(5-HT) supplied in vitro accumulated in the three
pharyngeal nerves,

two cells in each ganglion and two

fibers of the nerve ring, and presumed they were tryptaminergic neurons. Citing Horvitz and Sulston’s unpublish¬
ed work, Riddle(1978) stated that two pharyngeal neuro¬
secretory motor neurons in C. elegans were also identified
as serotoninergic by FIF histochemical technique. Kisiel
et al.(1976)found C. briggsae was able to convert 5hydroxytryptophane(5-HTP) to serotonin.
However, several workers were unable to find the
naturally occuring serotonin in nematode neural tissues
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(Willett's review,

in press). Willett noted that all

positive reports about the 5-HT existence in nematode body
were made in three animal intestinal parasites-A.
lumbricoides, Ascaridia and A.

tetraptera. He doubted that

these nematodes might absorb 5-HT from mammalian
intestinal tissue which contains relatively high levels of
serotonin. On the other hand, using spectrofluorimetry and
thin layer chromatographic techniques, Willett's group
found only a closely serotonin-related analogue which had
a bright blue florescence with an excitation maximum
identical to that of serotonin(Willett's review,
However,

in 3 N HC1,

in press).

the analogue showed its emission

maximum at 465 nm instead of 525 nm for serotonin. This
finding hints that the serotonin reported from C. briggsae
tissue homogenates may be a serotonin-related analogue.
Serotonin was generally suggested as an inhibitory
transmitter in neuromuscular junction(Croll 1972? Anya
1973;

Croll 1975b). Croll(1975b) found serotonin and its

derivatives caused vulval contraction and increased the
rates of egg deposition in C.

elegans and other nematodes.

Goh and Davey(1976c) indicated that 5-HT may control
pharyngeal function. Horvitz and Sulston believed that two
mutants were defective in egg-laying because of their
reduced levels of serotonin(Riddle's review 1978).
also suggested that serotonin may be a neurohormone

They
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modulating pharyngeal pumping, locomotion and egg-laying,
whereas octapamine is an inhibitor of egg-laying(Horvitz
et al.

1979)* Harpur(1964)

considered that 5-HT might be a

regulator of carbohydrate metabolism.

Behavioral Activities and Mechanisms
Anterior sensory.
Head oscillation is a nematode searching movement
used to explore food sources or to respond to physical
and/or chemical stimuli. The movement is associated with
backward waves, and never occurs during pharyngeal pumping
and forward waves(Crofton 1971). From neuroanatomical
investigations(Ward et al.

1975),

it appears that head

oscillation is probably controlled directly by the nerves
which proceed anteriad from the nerve ring.
Feeding.
After reaching their host, most plant-parasitic
nematodes probe the root with their stylets, and decrease
or stop locomotion(Klingler 1970; Doncaster 1971). The
labial papillae suggested to be mechanoreceptors(Ward et
al.

1975),

in the lip region,

contact the solid root

surface during stylet movement and sense the host cells
(Doncaster 1971).
Stylet movement,

including cutting and thrusting

(Doncaster and Seymour 1973), of T.

dubius involves the
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contractions of stylet protractor muscles and secondary
muscle elements(Byers and Anderson 1972). The protractor
muscles attach to the stylet knobs by three major units
(one dorsal and two subventral),

and insert on the

anterior body wall at ten points. Secondary muscle
elements which arise in the middle of the stylet and
attach to the cuticular lining of the esophagus, provide
a contractile elastic junction between the esophagus and
stylet. The protractor muscles allow stylet forward
movement, while the secondary muscle element helps the
protractor muscles to manipulate the stylet direction
(Doncaster and Seymour 1973)* Doncaster(1971) indicated
that the stylet movement had both mechanical and sensory
functions. Penetration of the stylet is followed by the
injection of secretion and the ingestion of food(Doncaster
1966). In vitro, Croll(1975b) showed that histamine
stimulated the stylet thrusting of A. avenae.
The feeding mechanism has been extensively studied in
A. lumbricoides and free-living nematodes(Bennet-Clark
1976). Nematode feeding includes activation of an
esophageal pump which consists of a triradiate lumen,
radial muscles, a flap apparatus, and an esophagointestinal valve.
From the cross section view of the esophagus, radial
muscle contractions open the lumen and food fluid is drawn
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into the lumen. Hydrostatic pressure develops within the
muscle cytoplasm because the distance between the luminal
and outer membrane is shortened. According to Martini,

the

pressure forces the elastic esophageal outer membrane to
expand radially(Saunders and Burr 1978). When the muscle
relaxes,

the elastic membrane pushes back to close the

lumen and thus forces food into the intestine.
From the longitudinal view of the pharynx, when the
two flaps are pulled backward in the basal bulb,

the

anterior part of the esophagus lumen begins to dilate, and
water containing food particles is ingested. Following the
closure of this region, the posterior part of the
esophageal lumen dilates. At this moment, by the contraction
of the isthmus muscle, water is expelled, while the food
is passed backward to the flaps in the basal bulb.
Continuously, by the closure of the haustrulum in the flap
apparatus and by the opening of the esophago-intestinal
valve,

the food is forced to pass through the flap to the

anterior intestine. When the valve closes,

the food is

completely passed to the intestine and the next feeding
cycle starts(Doncaster 1962).
According to Albertson and Thomson's(1975)
pretation,

inter¬

interneuron 12 first excites two motor neurons

Ml(in the procorpus) and M2(in the metacorpus and front of
isthmus) resulting in dilation of the anterior lumen and
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ingestion of food. The contraction of isthmus muscle m5 is
excited by M2 in the anterior part, but inhibited by motor
neuron M4 in the posterior part. The neurosecretory-motor
neuron in the isthmus plays a role regulating the flow of
food to the terminal bulb, whereas interneuron 16 detects
the food arriving in the terminal bulb and excites motor
neurons M5 to contract its muscle which moves food to the
esophago-intestinal valve. I6 is mediated by 12 to ensure
the opening of the corpus following the closure of the
valve, and to start the next feeding cycle.
Egg-laying.

Horvitz et al.(1979) reported that egg-laying in C.
elegans is associated with the contraction of uterine
muscle cells(to squeeze eggs from the uterus),

and vulval

muscle cells(to release eggs from the vulva). These muscle
cells are mediated only by two subventral "hermaphroditespecific neurons",

but inhibited by the posterior lateral

microtubule tactile cells which send chemical synapses to
the hermaphrodite-specific neurons. In their pharmacologi¬
cal studies,

they believe that three putative neuro¬

transmitters, acetylcholine(excitator),

serotonin

(modulator) and octapamine(inhibitor), are involved in the
activities of egg-laying. Croll(1975b) found that the
biogenic amines-5-HTP, serotonin,

and epinephrine,

stimulated vulval contraction and this was correlated with
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increased oviposition rates.
Body wave movement.
Nematode somatic movement depends on myogenic
depolarization which results in body wall muscle contrac¬
tion. The contraction may be integrated with the changes
in hydrostatic pressure. The somatic movement is performed
mainly by the alternative activities of forward and
reversal components. Both are controlled by two antagonis¬
tic generators(Croll 1975a). Croll(1976) said "the forward
component, which predominates in a non-feeding situation,
reaches a constant rate, which is maintained for many
seconds or minutes. The reversal component, however,
appears to reach a threshold level and then to discharge
rapidly in spontaneous reversing". The reversal was
believed to readjust the direction of orientation to
stimuli(Croll 1977)* Class A, B and AS motor neurons of
the ventral nerve cord in C.

elegans were suggested as

controlling nematode somatic wave movement(White et al.
1976).

They speculated that Class A and B motor neurons

belong respectively to forward and reversal generators,
while Class AS motor neurons mediate the transition of both
generators.

Aging Studies

One of the most significant age parameters is
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lipofuscin formation(age pigment) in the intestinal
epithelium of free-living nematodes(Epstein et al.
Kisiel et al.

197^; Kisiel et al.

1972;

1975) and a plant-

parasitic nematode(Kondo and Ishibashi 1978).

Zuckerman

(in press) believed that the presence of age pigment
granules in the intestinal epithelium was a common
characteristic of nematode senescence. Age pigments were
shown to increase with age(Epstein and Gershon 1972). The
activities of a lysosomal enzyme, acid phosphatase, was
also found within the granules. It is thought that the
lipofuscin granules are derived from the peroxidative
products of the lipids and proteins during the senescent
process.
Somatic movement, feeding, vulval contraction,
fecundity(Zuckerman's review 1978 and in press) and
attraction(Hosono 1978) were shown to decline with age.
Nematode behavior,

like those of other animals,

is

performed by the coordinated activities of muscular and
nervous systems. Therefore,

it is reasonable to assume

that the function of both systems gradually deteriorates
as these nematodes age. Actually, age-related changes in
muscle displacement and function had been shown in C.
briggsae(Zuckerman et al.

1971)* On the other hand,

the

putative neurotransmitters, which have been shown to
influence nematode behavior(see

"putative neurotransmitters"
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in this review) are naturally considered to be involved in
the age-related behavioral change. The change may partial¬
ly result from the age-related changes in the levels of
neurotransmitters and in the balance among them in the
nematode body. These age-related changes may result from
the increase of the activities of their enzymes which
regulate neurotransmitter levels, such as monoamine
oxidase during senescence(Finch 1977)•
In addition to age pigment and behavior,

several

other aging characteristics have been found in nematodes
(Zuckerman's review 1976 and in press). Some morphological
changes in membrane, hypodermis, mitochondria and nerve
tissues were considered to be age-related(Zuckerman's
review 1976). Generally,

during senescence,

the specific

activities of lysosomal enzymes, such as acid hydrolase,
increase(Erlanger and Gershon 1970), and the specific
activities of energy metabolic enzymes,
hydrogenase, pyruvate kinase,

etc.,

such as malic

decrease(Rothstein et

al. 197*0 • This probably results in the decrease of energy
production and causes the behavioral decline. Whether sex
and environmental factors affect nematode longevity and
reproduction has also been considered(Zuckerman's review
in press).
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Microiontophoresis

Microiontophoresis is used to eject chemical
substances from fine micropipettes by the application of
electrical current(Curtis 1964). Small micropipettes are
used to apply drugs or dyes to a particular intracellular
area with minimal damage to living cells. Also,

the cell

responses may then be detected either by sensitive
electrical records,

or by examination under the light

microscope. The basic principle of the technique is to
create a potential gradient,

in the intra- and extra¬

cellular phase of the tissues,

through which desired

chemicals migrate into the cell from the micropipette. To
make a potential gradient,

the chemical solution in the

micropipette should be adjusted to its maximum dissociation
of electrolytes. In this dissertation,

"ejection" refers to

the expulsion of chemical(s) out of the micropipette by
applied electrical current,

and "injection” refers to the

introduction of the chemical(s) from the micropipette into
the nematode body by iontophoretic ejection, not by
hypodermic forces.
This technique was first developed by Nastuk in 1953
and was described in detail in the book "Physical
Techniques in Biological Research"(ed. by Nastuk 1964).
The technique has been commonly applied to research in
cell electrophysiology, pharmacology and intracellular
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staining in neurobiology(Kater and Nicholson 1973)*

The

technique has been used not only in soft animal cells,

but

also in walled plant cells(Tattar and Blanchard 1976). It
has been applied in those large animal parasitic nematodes,
such as A. lumbricoides(deBell 1965;

del Castillo and

Morales 1969; Jarman 1976). Unfortunately,

the small sizes

of free-living and plant-parasitic nematodes were general¬
ly excluded the use of a micropipette(Riddle's review
1978). However,

two attempts had been made in this area.

Betto and Raski(1966) attempted to inoculate
Xiohinema index with grape fanleaf virus by microinocula¬
tion in which glass and metallic microneedles with tips
(1-2 jam orifice) covered with the virus suspension were
used to create punctures in the nematode. But the nematode,
either by normal feeding processes or by the inoculation of
the nematode extracts, failed to transmit the virus to a
sensitive indicator riant(Chenonodium quinoa). However,
during experimental periods of several weeks, some of the
inserted nematodes were able to survive, feed and
reproduce in their host plants. Tattar et al.(1977)
inserted KCl-filled glass micropipettes of less than 1 jam
tip diameter,

into C.

elegans, and found that the survival

of micropipette-inserted nematodes was no different from
that of non-inserted nematodes. They suggested that their
microinsertion technique could be used to introduce
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specific drugs,

especially putative neurotransmitters,

into selective parts of nematodes.
Recently, moreover, a striking technique has been
demonstrated by Giulian and Diacumakos(1977)• With this
technique,

they were able to measure the electrical

potential differences of the internal membrane-bounded
compartments, such as nucleus, Golgi region and cytoplasm,
by impalement with micropipette electrodes in intact
mammalian cells. The technique provides a possible method
to study the electrophysiology of these small free-living
and plant-parasitic nematodes.

CHAPTER

III

MATERIALS AND METHODS

Nematode Source
C.

elegans cultures were obtained from Dr. N. A. Croll

(McGill University, P. Quebec,

Canada) whose culture

orgiginally came from Dr. Ruth Pertel(NIH, Bethesda, Md.,
USA), and the cultures were maintained axenically at 22 C.
The medium was made by adding 10 ml filter-sterilized
liver extract from young fresh beef liver to an autoclaved
solution of 4 g soy-peptone,

3 g yeast extract and 90 ml

distilled water. To obtain new synchronously hatched
larvae,

the egg masses were washed with sterile,

water to remove larvae and adults,
sterile,

distilled

then incubated in

distilled water for 4-5 hr(Zuckerman et al.

1971).

Plant-parasitic nematodes were chosen from three
suborders, Aphelenchina(A. avenae),
sp.,

T.

Tylenchina(Scutellonema

dubius and Meloidogyne incognita) and Dorylaimina

(X. americanum). A stock culture of A. avenae,

obtained

from Dr. S. D. Van Gundy, University of California,
Riverside, was maintained on Rhizoctonia solani at 22.5 +
0.5 C. Scutellonema sp. on the jade plant and M.

incognita

on tomato plant, were cultured under greenhouse conditions.
Populations of X. americanum and T.
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dubius were obtained
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from soil samples taken in the vicinity of the University
of Massachusetts, Amherst, Massachusetts. After extraction,
the nematodes were stored at 4 C overnight and used in
experiments within 48 hr. However, Scutellonema sp. and X.
americanum showed high death rates in water(about 20-40$
died overnight) and were only used to test the resistance
of the nematode body to micropipette insertion. It was
difficult to insert the micropipette into second stage
root knot larvae because of their narrow widths(less than
20 jam). However, male root knot nematodes were used to
test body resistance to micropipette insertion.

T.

dubius

were easily obtained from the soil around the University
of Massachusetts and survived well in tap water. Therefore,
T.

dubius was chosen as the principle nematode to be

tested with 5-hydroxytryptophane(5-HTP) in both
iontophoretic and topical experiments.

Preparation of Nematodes for Micro-pipette Insertion

A modification of the technique described by Tattar
et al.(1977) was used to prepare the nematodes for
insertion of the micropipettes. Initially,

the nematodes

were transferred onto blocks of 2.0$ water agar(about 1 x
0.5 x 0.2 cm ), and a drop of liquified water agar(about
40-45 C) was then added to embed the nematodes, However,
with this low percentage of agar,

the nematodes were able
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to move rapidly and it was difficult to insert the
micropipette into them. The percentage of water agar was
then increased from 2.0% to 3*5-4.0?6 to limit nematode
movement within the agar. After the liquified agar was
added to cover the nematodes,

their activity was restricted

to the tracks created by their movement during agar
solidification. It was also necessary to add one or two
drops of chloroform beside the agar block within a petri
dish to slow down nematode movement as reported by Betto
and Raski(1966). The chloroform treatment was restricted to
less than 2 min to prevent nematode coiling. The agar
blocks were then trimmed to obtain a good horizontal view
of the nematode body, placed in a plexiglass holder(0.6 x
r>

1.0 x 2.0 cnr), and sealed with liquified water agar. The
agar holder was then placed in a plexiglass perfusion
r>

chamber(1.0 x 2.0 x 3*5 cnr) and filled with Etherton and
Higinbotham's(i960) bathing solution which contained 1.0 mM
Ca(N0^)^,
Na^HPO^,

0.25 mM MgSO^,

0.904 mM NaH^PO^,

0.048 mM

at pH 7.0.

Preparation of Micro-pipettes

Glass fiber-filled capillaries,

1.2 mm 0D(Frederick-

blacer Co, Brunswick, ME), were washed in boiling
ethanol, placed on tissue paper, and allowed to dry before
use. Micropipettes were drawn on a commercial electrode
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puller(Industrial Science Associates. Inc., Ridgewood, New
York) and backloaded with a drop of a saturated 5-HTP(ICN
Pharmaceuticals, Inc.), water, 3 M KC1,

or 0.1 N HC1 on a

paraffin paper in order to fill the electrode tips and
shanks. A 30 gauge hypodermic needle was then used to fill
the rest of the pipette. The tip resistance of the micro¬
pipettes has a range of 100-200 mIZ

when filled with a

saturated 5-HTP solution and had a resistance of less than
25 mSZ

when filled with 3 M KC1 solution. Braking currents

of 5-HTP-filled electrodes were 5-10 nA. After being filled
with the chemical solution,

the micropipettes were used

within a few minutes.
Equipment Set-Up

A binocular stereo-microscope was mounted horizontally
and a perfusion chamber was fixed vertically to its base
plate(Fig. 1). The agar-embedded nematode was observed
horizontally with a 10 x ocular and two objectives(5 x and
10 x). The 5-HTP-filled micropipette was inserted into a
3 M KCl-filled electrode holder which was connected via a
Ag/AgCl half cell to the input of the Iontophoretic
Programmer Ml6o(W-P Instruments,

Inc., New Haven,

Connecti¬

cut). The reference electrode was inserted into a 1 cm long
plastic tube which contained a solid mixture of 3 M KC1 and
2:% water agar, and dipped into the bathing solution of the
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Fig.

1. Equipment set-up. The binocular stereo-microscope

mounted horizontally is located in the center, while the
lontophoretic Programmer M 160 is placed to the left.
The perfusion chamber is on the microscopic base plate.
The electrode holder which is inserted with a micropipette
is positioned vertically to the chamber.

31

r
'

32
perfusion chamber.
Microoioette Insertion

To examine the effects of the inserted micropipette on
the plant-parasitic nematodes-A. avenae, Scutellonema sp.,
X. americanum, M.

incognita male,

and T.

dubius, micro¬

pipettes with water were used to pierce the vulval region
or the middle part of the nematodes for two minutes without
applying any current. The pierced nematodes were examined
for body wall resistance,

the rate of movement(number of

waves/minute), survival ability, and the ability to find
and feed on tomato roots. Since C.
cultured on an E.
ability,

elegans is easily

coli lawn and shows high reproductive

6 day-old C. elegans were chosen to examine the

effects of micropipette insertion on nematode fecundity.
Iontophoretic Application

Ferritin and

14

C-threonine.

To examine iontophoretic ejection,

the micropipette

was backloaded with a cationized ferritin solution(MilesYeda, Ltd., Israel), and its tip was placed in contact with
a drop of bathing solution on a 0,5f° formvar-coated grid.
The grid was placed on the terminal end of the ground
reference electrode and a current of less than 10 nA was
applied for 1 min. The grid was dried on paraffin paper
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within a petri dish containing dry silica gel, and observed
under a Philips 200 Electron Microscope.
Six day-old C.

elegans were inserted with a cationized

ferritin-filled micropipette into the anterior intestinal
region, and a 10-40 nA current was applied for 1 min. The
nematodes were then placed in distilled water for 24 hr to
allow the ferritin to disperse within the nematode body.
Later,

the nematodes were fixed in 3% glutaraldehyde in

0.1 M sodium cacodylate buffer for 2 hr. During this
period,

the nematodes were cut in the posterior region

during the first hr so the glutaraldehyde could more
thoroughly diffuse throughout the tissues in order to
ensure better fixation. The nematodes were then transferred
to a 2% osmium tetroxide solution for 1 hr,

and embedded in

Vfo water agar. Nematodes were then dehydrated in a series
of increasing alcohol concentrations and transferred into
propylene oxide and embedded in epon mixtures using stand¬
ard techniques. To examine the distribution of the
electron-dense ferritin within the nematode body,

sections

were cut from the injected region with a Sorval Microtome,
and observed under the electron microscope.
For radioisotope ejection,

the micropipette was

backloaded to fill with a solution of L-threonine-UL-C-l4
in 0.01 N HCl(specific activity 120 mC/mM,

from Inter¬

national Chemical and Nuclear Cooperation, California).

The
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tip of the micropipette was then dipped into scintillation
vials containing 10 ml p-dioxane for 1,
40,

60,

2, 4,

8,

10,

20,

and 80 min with an electrical current application

of 3-4 nA. The ^C-radioactivity in the vial was detected
in a Nuclear-Chicago Liquid Scintillation Counter, Model
6801. Each sample was counted to 500 counts four times. The
counts from 10 ml p-dioxane solution without radioisotope
ejection served as background.
5-hydroxytryptophane.
The tips of micropipettes filled with a saturated
5-HTP solution(pH 3.0 adjusted with 0.1 N HC1) were
inserted into the vulval or middle region of C.
T.

elegans and

dubius. Electrical currents of 10-60 nA were applied to

introduce the chemical into the nematode for 2 min.
After being introduced with 5-HTP,

the nematodes were

removed from the agar block and either placed in a drop of
tap water on a slide and covered with a cover slip
supported by vasoline(Croll 1975b) or placed in a waterfilled well of silicone culture gum on a slide without a
cover slip. If the nematode showed motionless in tap water,
the number of bulb pulsations, vulval contractions,

and

stylet and spicule thrusts were counted every 1-5 min from
the begining to the end of these responses under a compound
microscope(150-600 x). If the nematode showed active body
movement,

the above behavior could not be observed. Croll
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(1975^) reported that serotonin and 5-HTP significantly
depressed nematode body movement.

Therefore,

in this

experiment the injected nematode which showed active body
movement could be considered as showing no response to the
5-HTP injection. Nematodes injected with H^O,

or 3 M KC1,

or 0.1 N HC1 served as control.
To examine the effect of 5-HTP and reserpine(saturated
in acetic acid)(from Sigma) on the oviposition of 6 day-old
C.

elegans,

10 injected nematodes in each chemical test

were placed individually on E.

coli to determine the mean

number of progeny.
Topical Application
Behavioral observation.
To compare the responses of young(6 day-old) and old
(18 day-old) C.

elegans to 5-HTP, nematodes in groups of 30

were treated with three concentrations(100,

500, and 1000

jag/ml) of 5-HTP held in deep well slides. The slides were
then placed in petri dishes containing wet filter paper. If
the nematode could propagate either backward or forward
body waves, they were considered able to move in the
treated solutions. Otherwise,

the tested nematodes were

considered to be unable to move. The rates of bulb
pulsation were counted only when the nematodes were motion¬
less . Similarly, T. dubius were also treated with three
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concentrations(500,

1000 and 2000 pg/ml) of 5-HTP with

thirty female nematodes each and their behavioral responses
observed with the same method. Thirty males treated with
1000 pg/ml 5-HTP were examined for spicule movement.
Additions of dopamine and 5-HTP in axenic culture.
Dopamine HCl(from Calbiochem) and 5-HTP water
solutions were sterilized by passing through a 0.22 pm
millipore filter. The solutions(100 and 1000 p.g/ml) were
mixed with the same volume of axenic media containing 4 g
soypeptone, 3 g yeast extract, 40 ml water and 10 ml liver
extract to make a final concentration of 50 and 500 pg/ml
respectively. Mixtures of sterilized distilled water
(instead of drugs) and the axenic medium served as the
control. The synchronously newly hatched larvae were
cultured in scintillation vials which contained 1 ml of
medium in each vial. In the experiments on nematode growth
and life span,

the nematodes were transferred to fresh

media every 3-4 days, while in the fecundity test,

they

were transferred everyday during the reproductive period
(3-12 days after hatch). The methods reported by Croll
et al.(1977) were used to determine nematode growth,
reproduction, and longevity. Each treatment had 40
nematodes in the growth tests and 30 nematodes in the
longevity tests. In the fecundity test,

each treatment had

6 replications and each replication contained 10
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hermaphrodites in a vial. Longevity tests were conducted
four times.

CHAPTER
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RESULTS

Micropi'pette Insertion

Nematode body resistance.
After being embedded in agar,

the nematode often moved

to and fro within the track it created during solidifica¬
tion of the agar. If the micropipette tip just touched the
nematode body wall,

it would induce a rapid withdrawal of

the nematode body along the track. The nematode within
the track often returned slowly to its original position.
Sometimes, after this initial contact with the micro¬
pipette,

the nematode was able to change direction and

create new tracks. After a slight touch with the micro¬
pipette,

old(21 day-old) C.

much more slowly,

eiegans withdrew their bodies

or remained motionless as compared to

young(6 day-old) C.

eiegans. Apparently,

the old were

unable to create new tracks.
After the micropipette was inserted into C.
or T.

dubius,

eiegans

the nematodes often attempted to wriggle

away from the micropipette. This response was particularly
noticeable in young C.

eiegans when the electrical current

was applied. Moving away from the pipette tip was possible
if the tip was not deeply embedded in the nematode.
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Nematode movement during the insertion of blunt tip pipette
often resulted in formation of small nipple-like
projections in the nematode body wall after the pipette
was withdrawn. Similar findings were reported by Betto
and Raski(1966). These projections could be avoided with
the use of sharply pointed micropipette and chloroform.
Twenty nematodes each of the following species were
tested for their cuticle resistance to micropipette
insertion: A. avenae; Scutellonema sp., X. americanum;
dubius; C.
however,

T.

elegans. All A. avenae were easily impaled,

their bodies ruptured during the insertion process

leading to immediate death. In contrast,

the micropipette

penetration of Scutellonema sp. was difficult and generally
resulted in the breaking of the micropipette tips before
the cuticle was penetrated.

In order to penetrate the

cuticle of the Scutellonema sp.,

it was necessary to use

a micropipette with a coarse shank and a very sharp tip.
None of the inserted Scutellonema sp. survived overnight.
In comparison,

eight of the twenty control nematodes

survived overnight. Micropipettes were easily inserted
through the cuticles of X. americanum, M.
and T.

incognita males,

dubius. Upon removal of the micropipettes,

small

pore-like cavities often were observed in the cuticles. In
the case of C. elegans. puncture wounds caused by the
micropipettes were small and sometimes difficult to detect.

4o
The exact places where the micropipette tips were inserted
in the nematode bodies were difficult to find,

especially

in the intestinal region where many dark particles
existed. If micropipettes were inserted in the esophageal
region,

the tips,

sometimes,

could be seen(Fig.

2).

Movement.
Upon removal of the micropipette tip,
displayed either normal or rapid movement.
nematodes,

the nematodes
In some

only short erratic waves were propagated

anteriorly or posteriorly from the point of insertion.
This behavior was presumably caused by injury from a
coarse tipped micropipette. However, most of nematodes
resumed normal body wave movement within 1 hr.

In order to

examine the effects of the micropipettes on the movement
of T.

dubius, 30 pierced nematodes were placed in distilled

water for 1 hr. After which time,

the number of body waves

propagated by the individual nematodes was recorded.

The

mean rate of movement (number of propagative waves/min) was
8.25 for pierced nematodes and 7.25 for unpierced nematodes
(Table 1)• Statistical analysis showed no significant
difference between treatment and control.
Survival.
In order to test the survival of nematodes after the
pipettes were removed,

the nematodes were placed in tap

water at 22.5 C and transferred daily to fresh tap water •

Fig.

2.

The insertion of a micropipette into the

esophageal basal bulb of a 6 day-old C.
x 140.

elegans.

•~
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Table 1. Movement of T.

dubius one hr after the removal of

micropipette
Treatment
no of nematodes
tested

30

Si

Control

mean no of
body wave
per min
8.25a

no of nematodes
tested

30

mean no of
body wave
per min

7.25

No difference between treatment and control at the 5?o
level.
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until death occurred. Most X. americanum both pierced and
unpierced,

died in tap water within 3 days(Table 2). One

nematode from each pierced and unpierced survived in tap
water for eight days. T.

dubius survived in tap water for

at least three days. After which time,

the number of

survivors gradually decreased(Table 3). No significant
differences occurred between treatment and control.
Finding and feeding on tomato roots.
The pierced(but not injected with anything) and
unpierced T.

dubius were placed in sterilized 1% water

agar on a plexiglass plate(0.5 x 2.2 x 4.5 cm^)

containing

a 1.5-2 cm long tomato seedling with its roots embedded
within the agar. In this test the ability of the nematodes
to find and feed on the tomato roots was evaluated. In
three tests with a total of 45 nematodes,

one third of the

pierced nematodes were able to move down into the agar and
to locate themselves beside the tomato roots(Table 4).

The

same number of unpierced nematodes also were found beside
the tomato roots. Nematodes from treatment and control
were observed respectively under a compound microscope at
150 magnifications. Stylet thrusting into the root was
seen in both treatment and control 24 hr after micropipette
insertion. These observations indicate that the treated
nematodes exhibit normal feeding processes.

Table 2.

The number of X.

americanum survival in

tap water3" at 22.5 C after the removal of
the micropipette

Days after treatment
0
1
2
3
4
5
6
7
8
9
Si

"b

Treatment0
14
3
2
1
1
1
1
1
1
0

Control
14
4
3
2
1
1
1
1
1
0

Changed to fresh tap water once a day.

dNo difference at the day of 50% nematode survival
between treatment and control.

Table 3-

The mean number

21

of T.

dubius survival in

tap water0 at 22.5 C after the removal of
the micropipette
Days after treatment
0
1
2
3
4
5
6
7
8
9
21

Treatment0
10.0
10.0
9.3
8.0
3.3
1.8
1.0
1.0
0

Control
10.0
9-8
9.5
9.5
4.0
,3.0
2.0
0.8
0.3
0

Based on 4 tests and 10 nematodes in each test.

■L

^Changed to fresh water once a day.
CNo difference at the day of 50% nematode survival
between treatment and control.

Table 4.

The mean number3, of T.

dubius found moving

down into the agar and feeding on tomato
roots after the removal of micropipette

Days after treatment

0
1
2
3
4
Total
SI

Treatment

Control

15.0

15.0

4.3
0.7
0.3

3.3

0

2.0
0
0

5.3b

5.3

Based on 3 tests and 15 nematodes in each test.

■L

uNo significant difference between treatment and
control.
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Egg deposition.
In order to examine the progeny produced by pierced
and unpierced 6 day-old C.
individually cultured on E.

elegans,

10 nematodes were

coli. Each tested nematode was

transferred daily to a new bacterial culture plate,
one day after transfer,

and

the progeny found on the old plates

were counted. During the reproductive period(from 7 to 12
day-old),

the pierced nematodes produced an average of 19

progeny as compared to 16 produced by the control nematodes
(Table 5)« Analysis showed no significant difference
between pierced(but without chemical injection) and
unpierced nematodes.

Iontophoretic Application

Ferritin and

14

C-threonine.

Due to the high micropipette tip resistance and poor
conductivity between the grids and the Ag/Ag Cl cell of the
ground reference electrode,

the current could be applied

only in the range of 6-10 nA. Within a 1 min application
period, many ferritin particles(diameter 50 A) were
observed on the grids when viewed with the electron
microscope.
After the injection of ferritin into the nematodes,
EM sections showed that the ferritin particles were
dispersed everywhere inside the nematode body-mesoderm,

Table 5•

The mean number of eggs produced by 6 day-old C.
elegans after iontophoretic injection with 5-HTP
and reserpine

No of nematodes
tested
10

cL

Reserpine-

5-HTP-

Inserted

injected

injected

only

15.7

19.0

18.6a

Control

Multiple range test shows no significant difference
among treatments and control at the 5% level.

16.1
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pseudocoelom and endoderm(Fig. 3). The particles were
spreaded in muscle,

cytoplasm, and hound to mitochondria

and intracellular membranes(Fig. 4). This showed that a
current of 10-40 nA had driven the cationized ferritin
particles out of the micropipette whose tip orifice was
less than 0.5 pm.
C-threonine was not detected in microjection for 1,
2,

or 4 min. When ejection periods were prolonged to 8 min

or longer,

C-radioactivity was counted to significance

in the range of 4-7 CPM above background.
14

C-threonine and 3 M KC1(1:

The mixture of

1) slightly improved the

electrical conductivity(6-8 nA) during iontophoretic
ejection,

but did not show an increase in CPM probably due

to the dilution of radioisotope in the micropipette.
results show that the small amount of

14

The

C-threonine was

ejected out of the micropipette. The ejected volume was
estimated to be 32 x 10

-11

ml.

5-hydroxytryptoohane.
Before impaling the nematode, most 5-HTP filled
micropipettes had a maximum current in the range of 5-10
nA. However, after micropipettes were inserted into the
nematodes,

the tip resistances increased or decreased from

the original reading. High resistance suggested that the
micropipette tips might be plugged by nematode tissues,
while low resistance indicated a broken tip. With blunt

51

Fig. 3. After the injection of ferritin solution into
nematode, ferritin particles(the tiny black dots) were
observed dispersed inside the body, x 18,000.

V

'
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n

i
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Fig. 4. After the injection of ferritin solution into
nematode,

ferritin particles(the tiny black dots)

were dispersed in the cytoplasm and bound to the
mitochondria(top picture, x 40,000), and the intra¬
cellular membranes(bottom picture, x 74,000).
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tip micropipettes,

the electrical current could he applied

in the range of 20-160 nA. During 5-HTP injection into
nematodes,

the applied electrical current was often

unstable. Behavioral responses to 5-HTP injection often
occurred when the current was between 20-40 nA.
G.

elegans. During the reproductive period(from 7 to

12 day-old),

the mean number of eggs produced by 5-HTP or

reserpine-injected nematodes showed no difference to those
of the two control nematodes which were inserted without
chemical injection or were not inserted(Table 5)* Probably,
the amount of chemical introduced into the nematode body
was too low to show a significant effect.
In 128 5-HTP-injected C.

elegans, 42.3^ of the

nematodes stopped body wave movement,

then swayed their

heads and showed behavioral responses to the chemical,
such as esophageal basal bulb pulsation and/or vulval
contraction(Table 6). The body wave cessation and the head
oscillations were also found in some of the nematodes
which were injected with water,

or 3 M KC1,

or 0.1 N HG1

(referred to as control nematodes). But esophageal basal
bulb pulsation and vulval contraction were never observed
in those control nematodes. Hence, the bulb pulsation and
vulval contraction of 5-HTP-injected nematodes could be
considered to be elicited by the micropipette-introduced
5-HTP. The low percentage of behavioral responses was
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body movement of the treated nematodes stopped. When body movement
occurred, no behavioral response was recorded. Nematodes subjected
to H90, or 3 M KC1, or 0.1 N HC1 ejection showed no behavioral

0
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probably due to the micropipette tips with plugged
orifices. Behavioral responses,

either basal bulb pulsation

or vulval contraction or both, began generally within
10-20 min with a range of 3-32 min(Table 7)«
After the nematodes began esophageal pumping,

the

rates of basal bulb pulsation(number of pulsation/min)
three ages(6,

14 and 21 day-old)

in

immediately reached a

peak. The maximum rates were 223 pulsations/min in 6 dayold,

121 pulsations/min in 14 day-old,

and 114

pulsations/min in 21 day-old nematodes(Fig. 5)»

The maximum

duration of bulb pulsation was found to be less than 1 hr
in young nematodes, about 90 min in 14 day-old nematodes,
and more than 100 min in old nematodes. The rate patterns
of bulb pulsation were near to bimodal or uneven
fluctuating. After this time, most nematodes resumed visi¬
bly normal movement.
Following injection of 5-HTP,

the maximum rate of

vulval contraction was 60 contractions/min; however,
average rate of contraction was below 30/min.

the

The maximum

duration of the response was 85 min. At the beginning of
the response,

the rates of contractions of anterior and

posterior vulval elements were very different(Fig.
After stimulation with 5-HTP,

6).

the contraction of one

element would follow the contraction of the other, with
each vulval element contracting independently. Later,

the

58

Table 7. The mean initial time(min) of behavioral response
of C.

elegans and T.

dubius after iontophoretic

injection with 5-HTP
C.
Pharyngeal
bulb oulsation

T.

elegans
Vulval
contraction

dubius

Stylet
thrusting

No of nematodes
responding

30

30

Mean initial
time(min)

16.4a

13.6

H.5

+ 6.3

+ 6.2

Standard error

1 7-3

aNo statistic difference at the 5% level.
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Fig.

6.

The contraction rates of two vulval elements

of a single 6 day-old G_.

elegans after being

iontophoretically injected with 5-HTP in the vulval
region(in arrow). The rates showed differences
(represented by bars) between the two elements at the
beginning but later were similar. Similar behavioral
patterns were observed in a total of 10 nematodes.
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anterior
element

posterior
element
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vulval elements contracted synchronously.

These observa¬

tions agreed with those reported by Croll(1975b).

The

results indicate that the contractions of two elements are
regulated by a control mechanism.

The rate patterns of

vulval contraction were similar to the bimodal curve
reported by Croll(1975b) or uneven fluctuating(Fig.
Only 6 of 128 5-HTP-injected C.

7)•

elegans nematodes

responded with both basal bulb pulsations and vulval
contractions. In 5 of the 6, when the bulb pulsation
increased,

the vulval contractions decreased,

or vice-

versa(Fig. 8). In one nematode, as the rate of vulval
contraction was decreasing to zero,
pulsation was peaking(Fig.

the rate of basal bulb

9). During this period,

two eggs

were deposited by this nematode, and the rate of basal bulb
pulsation slowed down at this particular moment.
To obtain more data about the simultaneous occurrence
of these two behavioral responses, 30 6 day-old nematodes
i

were topically treated with 1000 pig/ml 5-HTP solution
during a 3 hr observation period. These nematodes were
picked individually at several min interval and were
individually examined under the light microscope,

the

pressure of the cover slip caused nematode movement to slow
down or stop, and bulb pulsation and vulval contraction
were observed. Within the first hour,

the rate of vulval

contraction of the nematodes rapidly decreased to zero,

64

Fig.

7.

The rate of vulval contraction of a single

6 day-old C.

elegans after being iontophoretically

injected with 5-HTP in the vulval region. Similar
behavioral patterns were observed in a total of
16 nematodes.
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I
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-ig.

8.

The antagonistic relationship between the

rates of the basal bulb pulsation(BP) and vulval
contraction(VC) of one 6 day-old C.

elegans after being

injected with 5-HTP in the vulval region. Similar
behavioral patterns were observed in a total of
5 nematodes.

no of vulval contractions/min

67

60
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Fig.

9« The rates of basal bulb pulsation(BP) and

vulval contraction(VC) of a single 6 day-old C.
elegans after being iontophoretically injected
with 5-HTP in the vulval region. Two eggs(in arrows)
were deposited during the observation period.

no of vulval contractions/min

69

min after injection
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while the rate of "basal bull pulsation quickly increased
(Fig.

10). After 1 hr, vulval elements contracted at

random or the contractions ceased completely. However,
the two behaviors occurred at the same time,

if

the rates of

vulval contraction showed a fairly consistent flip-flop
relationship with the rate of basal bulb pulsation(Fig.
11). Specifically the rate of one behavior increased while
the other decreased. This experiment was repeated twice.
T.

dubius. An electrical current of 10-40 nA, applied

for 2 min, was used to inject T.

dubius with saturated

5-HTP. After the micropipette tip was withdrawn from the
nematodes,

6 of 40 injected nematodes exhibited rhythmic

stylet thrusting within 11.5 min(Table 7)• The maximum rate
of stylet thrusting reached 95/min,

but the rate for most

observations ranged between 50 and 85/min(Fig.

12). The

maximum duration was 145 min. During stylet thrusting all
nematodes were motionless,

however, body waves began again

after the thrusting stopped. The rate patterns were uneven
fluctuating or close to bimodal. The lumen and the ovoid
valve of the esophagus were too small to determine if they
were, respectively,

dilated or contracted. No spicule

thrusting was observed in 30 males which were injected
with the 5-HTP solution. No vulval contraction was
observed in this experiment.
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rig.

11.

The antagonistic pattern of the rates of

basal bulb pulsation(BP) and vulval contraction(VC)
of 6 day-old C.

elegans topically treated with 5-HTP.

Similar behavioral patterns were observed in a total
of 9 nematodes.

no of vulval contractions/min
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Topical Application

Behavioral observation.
C.

elegans. In the 1000 pig/ml 5-HTP solution,

6 day-

old nematodes completely stopped moving within 2 hr, while
the movement of 12 and 18 day-old nematodes increased at
first for 2 hr and then completely stopped at 3 hr after
treatment(Fig. 13). In the 100 pig/ml and 500 pig/ml solu¬
tion,

the movement in three ages of all nematodes in¬

creased 2-3 hr after treatment,

and then gradually

declined. These data indicate that the somatic body waves
are stimulated with a low dosage of 5-HTP treatment and
are gradually inhibited by an increasing dosage of the
chemical.
After body waves ceased,

the nematode exhibited

rhythmic pharyngeal pumping which was maintained at high
speeds. Under the light microscope,

the valve apparatus was

seen to rapidly move to and fro within the basal bulb and
a flickering light appeared within the esophageal and
intestinal lumen indicating that the lumen was dilating*
Clearly,

5-HTP treatment triggered a constant and rapid

pharyngeal pumping. Three nematodes in this experiment
exhibited slowed bulb pulsation, and their flaps were
unable to return to a normal position after being pulled
backward. Their flap apparatus appeared to be defective.

78

Fig.

13. Body movement of C.

elegans topically

treated with 3 concentrations of 5-HTP. The shaded
area represents the range of the nematode movement
in tap water.
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In the 1000 }ig/ml 5-HTP treatment,

6 and 12 day-old

nematodes reached their maximum rate of hulh pulsation
within 2 hr, whereas 18 day-old nematodes took 3 hr(Fig.
14). In the 500 ;ug/ml 5-HTP treatment,

three ages of C.

elegans reached maximum rate of hulh pulsation within 4 hr.
The initial response of old nematodes to 5-HTP treatment
was slower than that of young nematodes. The mean maximum
rate of pharyngeal hulh pulsation was 256 in 6 day-old,
224 in 12 day-old and 154 in 18 day-old nematodes,

showing

that old nematodes have a decreased rate of pharyngeal
pumping as compared to young nematodes. Both young and old
nematodes maintained the high rates of rhythmic bulh
pulsation for 12 hr.
Following 5-HTP treatment,

two males were found with

their spicules exserted. These nematodes did not perform
rhythmic thrusting.
T.

duhius. Five hr after 5-HTP treatment,

about 50%

of the tested nematodes in either 1000 )ig/ml or 2000 jdg/ml
solution stopped body movement, while only 10% of nematodes
in 500 ;ug/ml stopped movement(Fig. 15)- At 8 hr in 1000
and 2000 pg/ml 5-HTP solution,

70% of the tested nematodes

stopped body movement, while in 500 jug/ml solution,

only

20% of the nematodes stopped the movement. At the same
time,

the 5000 jdg/ml solution induced 6.7% of the nematode

population to rhythmically thrust their stylets, whereas
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Fig.

14.

The rates of basal bulb pulsation of 6,

and 18 day-old C.

12

elegans topically treated with 2

concentrations of 5-HTP.

300
1000 ug/ml

no of bulb Pulsations/min

200-

500 MS/ml

200

100

6 day-old
12 day-old
18 day-old

hr

after

•*•

treatment
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Fig.
T.

15. Body movement(BM) and stylet thrusting(ST) of

dubius topically treated with 3 concentrations of

5-HTP. Stylet thrusting occurred only when the nematode
stopped moving. In the control,

all nematodes moved and

no stylet thrusting was observed.
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1000 jig/ml and 2000 jig/ml induced respectively,

16% and

30^ thrust their stylet. The above results show that when
the 5-HTP concentration was doubled,

the number of

nematodes thrusting their stylets increased proportionally.
The maximum rate of stylet thrusting in this experiment
was 95/niin, but the average rate of thrusting was between
70-90 thrusts/min.

The rate patterns of the stylet

thrusting among treated nematodes were varied and
inconsistant. But most nematodes sustained a high rate of
stylet thrusting with slight fluctuation during an 8 hr
tested period. During stylet thrusting, all nematodes
remained motionless.

The results indicate that T.

dubius

requires a higher dosage of 5-HTP to stop body movement
and to induce stylet thrusting than that required for the
basal bulb pulsation of C.
In the males,
Instead,

elegans.

the spicules were not seen to extrude.

the spicules only quivered slightly. Similarly,

in the females,

the vagina was also seen to quiver instead

of contracting.
Additions of dopamine and 5-HTP in axenic culture.
The body lengths and the widths at the esophageal base
of C.

elegans were significantly greater in worms from

5-HTP- or dopamine-incorporated axenic cultures than in
those worms from control cultures(Table 8). Hence body
volume in worms from the 5-HTP and dopamine treatment
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Table 8.

Growth of C.

elegans treated with dopamine or

5-HTP in axenic culture at 22.5 Cx

Age

Dopamine

Control

(days)

50 Mg/ml

500 ug/ml

5-HTP
50 jug/ml

500 pg/ml

Body length(pm):
6
9
15

13978c
1578a
17Hab

1378cy
1583a
1675c

1446a
1584a
1721ab

1378c
1593a
1702bc

l4l4b
1587a
1744a

Body width at esophageal base(pm):
6
9
15

38.Id
42.5b
43.2c

38.9bc
43.9a
44.6a

39.7a
43.6a
44.6a

38.4cd
43.8a
44.6a

39.2ab
43.5a
46.0a

142b
165a
176a

l44ab
168a
176a

143b
167a
169b

148a
168a
175a

26.4b
31.2a
34.6b

28.5a
31.2a
35.7a

26.4b
30.7ab
34.7ab

26.5b
30.5ab
34.6b

16.4la
21.55ab
24.78b

14.58c
21.90a
24.59b

15.56b
21.59ab
26.64a

Tail length(pm):
6
9
15

l45ab
167a
158b

Width at anus (pm)
6
9
15

26.3b
30.2b
32.8c

•
•

Body vc>lume(x lCr pm-^) Z:
6
9
15

14.31c
20.62c
22.67c

15.18b
21.93a
24.61b

Y

Each number is the mean of the measurements of
nematodes.

4o

y0n the same horizontal line, the different letters show
significant difference at the 5% level.
zBody volume=

r^ L1 + 1/3

r^

r1= 1/2 the body width at the base esophagus.
L^= the length from head to anus.
r2= 1/2 the width at the anus.
L2= the length from anus to tail.
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were significantly greater than untreated nematodes.
Although the mean number of progeny produced by each
C.

elegans hermaphrodite from 500 pg/ml dopamine- or from

50 and 500 pg/ml 5-HTP-treated axenic culture was
greater than that of control,

statistical analysis showed

no significant differences between treatments(Table 9)«
In two tests,

the life span of C.

$0% survival time was

elegans measured by

in the range of 30.5-33*0 days.

was no statistical difference between treated and nontreated(Table 10).

There
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Table 9*

The mean number of larvae produced per
hermaphrodite3" C.

elegans treated with

dopamine or 5-HTP in axenic culture at 22.5 C

Days

Control

Dooamine

50 jig/ml

500 jug/ml

5 -HTP
50 ug/ml

500 ug/ml

3
4
5
6
7
8
9
10
11
12

8.4
18.9
22.7
21.1
12.4
7.2
1.2
0.4
0.1
0

19.4
15.3
11.7
1.1
0.4
0.1
0

12.2
2.1
0.8
0.2
0

8.4
0.8
0.3
0
0

7.2
15.9
22.1
17.1
16.6
12.1
4,4
1.2
0.3
0

Total

92.4b

92.6

96.0

99.3

96.9

7.1
16.0

21.5

6.2
15.7
21.6

19.6
17.6

9.6

15.7
28.5
21.5

14.5

3l

Based on 6 replications in each treatment and each
replication containing 10 nematodes.
The multiple range test shows no difference among
treatments and control at the 5% level.
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Table 10.

The mean daya of

50% survival of C. elegans

treated with dopamine and 5-HTP in axenic
culture at 22.5 C

Control

-Dopamine-i Qorrtrop

_5-HTP_

_

50 ug/ml

50 ug/ml

31.8b

31.8

3

-

500 ug/ml1 _

31.8

j

31.5b

31.8

500 ug/ml

32.0

Based on 4 tests and 30 nematodes in each test.

Statistical analysis shows no difference among treatments
and control at the 5% level.

C H A T E R

V

DISCUSSION

Microoioette Insertion

The micropipettes were more easily inserted into C.
elegans than these plant-parasitic nematodes used in this
experiment. Sometimes,

during insertion,

the micropipette

pierced through C_.

elegans "body due to their active

movement. However,

after that,

normal body wave movement.

As

the nematode often showed
compared to C.

elegans,

the

plant-parasitic nematodes possess a thicker and perhaps
harder cuticle, with result that the tip of the pipette was
frequently broken. A.

avenae was more sensitive to the

micropipette insertion than other nematodes were.

This was

possibly due to their thin cuticle and high hydrostatic
pressure. Smaller pipette diameters than were used in the
current experiments possibly could be successfully
inserted into A.
hand,

avenae without undue damage.

On the other

microinsertion is difficult to apply to small

nematodes,

such as root knot nematode larvae,

due to their

small body diameter(less than 20 jam).
Insertion of the micropipette did not cause a visible
difference in behavior.
propagate body waves,

The inserted nematodes were able to

deposit eggs,
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find and feed on host
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roots and survive for the observation period which was
several days.

The current results are in accord with the

reports of Betto and Raski(1966)
Clearly,

young adults of C.

and Tattar ejt al.(1977)•

elegans and some plant-

parasitic nematodes are tolerant to the insertion of the
micropipette with an orifice of less than 1 ;am.

Iontoohoretic Application

It is difficult to establish a coordinated relation¬
ship between the amount of electrical current applied and
the duration or rate of the behavioral response.
reasons are that:

1)

The

the orifice of the micropipette tip

may be plugged with nematode tissue;

2)

the applied elec¬

trical current is often unstable while the micropipette tip
remains in the nematode;

3)

the electrical currents,

generally can only be applied between 10-40 nA,

which

were also

too low to be adjusted to several different levels that
could show different levels of behavioral response;

4)

the

5-HTP solution was prepared as a saturated solution and
could not be adjusted to a lower concentration.

Otherwise,

the electrical resistance would become higher and a
sufficient amount of the chemical to induce the nematode
behavioral response would not be ejected from the pipette;
5)

the exact point of injection within the nematode body

was also difficult to ascertain with the equipment used
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(100 x magnification).

Injections

into different cells or

tissues may elicit different levels of behavioral response.
Krnjevic ejt al. (1963)

reported that the external

diameter of the micropipette tip used to release chmicals
by iontophoresis should not be greater than about 1 pm.
Otherwise,

the amount of the chemical diffusion from the

micropipette tip would exceed the amount of the outflow
driven by the electrical current.

Initially the external

diameter of the micropipette used in these experiments
was smaller than 0.5 pm.
into the nematode,

But after micropipette insertion

the tip often became blunt and the

diameter possibly increased up to 1 pm.
6 day-old C.

However,

forty

elegans which were penetrated by a 5-HTP-

filled micropipette for 2 min but without electrical
current application,

did not show characteristic 5-HTP-

induced behavioral response-bulb pulsation and vulval
contraction.

On the other hand,

42.2% of the nematodes

which had been iontophoretically injected with 5^HTP for
2 min responded to 5-HTP injection by showing a charac¬
teristic behavioral pattern.

These resulted primarily from

a chemical released by iontophoresis,

and not from outward

diffusion.
In vitro ejection tests showed that ferritin particles
14
and
C-threonine were iontophoretically introduced onto
grids and into scintillation vials,

respectively. Also,

the
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ferritin particles,
nematode body,
C.

after being introduced into the

were observed to be dispersed within the

elegans body under electron microscopic observation.

The

findings show that these chemicals were ejected from the
micropipette by low current(less than 40 nA)
On the other hand,

application.

5-HTP injection was able to induce

nematode behavioral responses.

The duration of these

behavioral responses was generally less than 2 hr,
maximum duration was only 3 hr.
with low current application,

and the

These results indicate that

the amount of ejected 5-HTP

reaches the threshold for behavioral response in C_.
and T.

elegans

dubius.

Iontophoretic application with 5-HTP,

as was true

following topical application of the same chemical,
basal bulb pulsation and vulval contraction in C.
The rate patterns of vulval contraction in C.

induced

elegans.

elegans

induced by iontophoretic application with 5-HTP was near to
bimodal,

thus supporting Croll's(1975b)

topical applications.

results with

The antagonistic relationship between

the rates of bulb pulsation and vulval contraction in
C.

elegans occurred following both topical and iontophore¬

tic application. On the other hand,
T.

the stylet thrusting of

dubius was induced by both iontophoretic injection and

topical application.

It appears that the behavioral

responses in 5-HTP-injected nematodes,

C.

elegans or T.
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dubius were similar to those of the nematodes topically
treated with the same chemical.
tion,

In iontophoretic applica¬

all above behavioral responses were observed when the

nematode stopped body movement.
period,

However,

after the response

the injected nematodes resumed body wave movement.

This indicates that normal nematode behavior is not visibly
disrupted by iontophoretic injection.
At present,

there is no information available to

explain why 5-HTP, which was

iontophoretically introduced

into the vulval region of C_.

elegans or T.

dubius,

induced

esophageal bulb pulsation or stylet thrusting within about
15 min after the removal of micropipette.

However,

it is

possible to speculate that after introduction into the
nematode,

5-HTP may travel by flow or diffusion in the

pseudocoelomic fluid to the nerve ring or the pharynx from
where pharyngeal pumping is triggered. A second possibility
is that there is a 5-HTP affinity receptor in the vulval
region,

which somehow transmits a message via the central

nervous system to the pharynx.
According to the suggestion of White et al.(1976),
nerve ring of C.
Class A,

elegans

the

controls the motor neurons of

B and AS, which are responsible for the propagation

of body waves,

in the ventral nerve cord via their respec¬

tive interneurons. Once the message is received,

the nerve

ring forwards the impulse which stops body wave movement.
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On the other hand,

in C.

elegans,

Albertson and Thomson(197&)
neurons,

Ward et §1.(1975)

and

found that two pharyngeal

which receive input from the nerve ring,

enter the

pharynx and make a tight junction with esophageal inter¬
neuron II and motor Ml. Albertson and Thomson(1976)
that in the pharynx,

suggest

II mediates inhibition because it

receives input from the nerve ring, whereas interneuron 12
controls pharyngeal pumping since it connects all motor
neurons.

Therefore,

when body wave movement ceases,

inhibi¬

tion may also cease and pharyngeal pumping is then
triggered.
The antagonistic relationship between pharyngeal
pumping and vulval contraction indicates that there is a
modulator between them.
ring.

Therefore,

This modulator would be the nerve

it should be reasonable to assume that

pharyngeal pumping and vulval contraction are integrative
activities controlled by the central nervous system.

Topical Application

Under normal axenic culture conditions,

C.

elegans may

move for a few minutes and then feed for a while.
al.(1977)

Croll et

considered that it was more meaningful to record

the maximum rate of basal bulb pulsation rather than to
record the rate within a 15 min observation period.

They

reported that the mean maximum rate of pharyngeal bulb
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pulsation for C.

elegans was about 180/min in 6 day-old,

about 170/min in 12 day-old and 100/min in 18 day-old
nematodes. Following topical application of 5-HTP,
elegans showed a high,

continuous and stable rate of bulb

pulsation during a 12-hr test period(Fig.
maximum rate of bulb pulsation of C.
5-HTP was 256/min in 6 day-old,
154/min in 18 day-old nematodes.
pulsation of C.

C.

14) .

The mean

elegans treated with

224/min in 12 day-old and
Clearly,

the basal bulb

elegans is triggered by 5-HTP,

and the mean

maximum rate of bulb pulsation significantly declines with
age.
With increasing age,
tudinal musculature in C.

the displacement of the longi¬
briggsae was

muscle function(Zuckerman et. al.
On the other hand,

considered to impair

1971; Kisiel et al.

1975)*

age-related decreases in the activities

of certain enzymes responsible for energy metabolism were
also shown in T.

aceti(Rothstein et al.

1974).

These

findings suggest that the age-related decline of pharyngeal
pumping may result from a less elastic esopharyngeal
myofilament and less available energy for pumping.
Croll(1975b)
of C.

also reported that the pharyngeal lumen

elegans treated with serotonin and 5-HTP remained

closed.

However,

in the current experiments,

it was

possible to observe the dilation of the pharyngeal and
intestinal lumens of C.

elegans following 5-HTP treatment
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because the microscopic light,

which passed through the

lumens appeared flickering and the flickering coincided
with the basal bulb pulsation.
Croll(1975b) reported that histamine,
indolealkyamines,

one of the

induced stylet thrusting in A.

Stylet thrusting of T.

dubius was also induced by both

iontophoretic and topical application of 5-HTP.
(1966)

avenae.

Doncaster

reported that stylet thrusting is accompanied by the

injection of secretions and the ingestion of food.
Ingestion is controlled by the pulsation of median and
basal bulb. Although pharyngeal bulb pulsations were not
observed in T.

dubius under 600x magnification in the

current experiments,

it should be reasonable to assume that

the pharynx is pumping when rhythmic stylet thrusting is
activated by 5-HTP.
The data from the topical application(Figs.
showed that T.

14 and 15)

dubius required a higher dosage of 5-HTP for

stylet thrusting than C.

elegans for basal bulb pulsation.

The cuticle of the plant-parasitic nematode being thicker,
may allow lesser penetration of 5-HTP than that of C.
elegans. However,

during a long period(8 hr)

1000 jig/ml 5-HTP,

only 30^ of T.

stylet thrusting, while

dubius

treatment with

exhibited rhythmic

100ft of C. elegans responded with

pharyngeal pumping. Also,

5-HTP treated T.

dubius males did

not extrude their spicules which was observed in P.
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redivivus(Croll 1975b). It appears that the plant-parasitic
nematode has a higher activation threshold for 5-HTP than
the free-living nematodes have.
Acetylcholinesterase(Goh and Davey 1978a; McLaren et
al.

1974) and serotonin(Goh and Davey 1976c; Horvitz and

Sulston in Riddle's review 1978) were detected in the
pharyngeal nerves by histochemical techniques.

The

acetylcholine hydrolytic enzyme and other putative neurotransmitters have been localized within the anterior
sensory organs(acetylcholinesterase and catecholamines)
(Pertel et, al.

1976; McLaren 1972; Sulston ejfc al.

1975; Goh

and Davey'1976ab), nerve ring(acetylcholinesterase,
catecholamines and serotonin)(Rohde I960; Wright and Awan
1976; Voss and Speich 1976; Hogger ejt al.
Davey 1976bc; Sulston et al.

1975)»

1978; Goh and

and longitudinal nerve

cords(acetylcholinesterase and catecholamines)(Goh and
Davey 1976abc). Catecholamines and serotonin were also
localized in the nematode's tail(Sulston et. al.

1975; Anya

1973)* Goh and Davey(1976c) found noradrenalin and dopa
accumulated in the same nerves(four papillary nerves and
two fibers in the nerve ring) of P.

decipiens when supplied

in vitro. Based on pharmacological studies, Horvitz et. al.
(1979) reported that acetylcholine,

serotonin and

octapamine might involved in the egg-laying of C.
elegans. These results suggest that each normal behavioral
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activity,

such as body wave movement or pharyngeal pumping

or others, performed by nematodes may be modulated by more
than one neurotransmitter.
On the other hand, acetylcholine was reported to
activate contraction of the body wall musculature(Sulston
et al..1975), while serotonin was shown to inhibit the
contraction(Croll 1975b). Serotonin and epinephrine
activated vulval contraction and increased the rate of
oviposition(Croll 1975b). In the current experiments,
induced rhythmic stylet thrusting of T.

dubius. Histamine

was reported to induce the same behavior in A.
1975b).

5-HTP

avenae(Croll

The above findings indicate that among these

putative neurotransmitters,

they may act as antagonist or

agonists of the same behavioral activity.
In an 8 hr test period,

Croll(1975b) found that

serotonin increased the rate of egg deposition of 8 day-old
C.

elegans from E.

coli culture. He also showed that 5-HTP,

epinephrine and histamine increased nematode oviposition.
During the reproductive period(3-12 days after hatch),

the

total number of progeny produced per hermaphrodite treated
with added 5-HTP or dopamine in axenic media was no
different from those of non-treated nematodes(Table 9).
These observations indicate that some amines may accelerate
nematode oviposition, but do not affect the total progeny
produced.
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At present,

there is no convincing explanation for the

finding that 5-HTP and dopamine improve nematode growth
(Table 8). However,

some suggestion have been made by

several workers. Rogers and Head(1972) suggested that the
catecholamines may have an endocrine function,
involved in the exsheathment of H.

and may be

contortus. Dopamine, a

hormonelike chemical in mammals(Kolata 1979)> was shown
to activate adenylate cyclase in the bovine sympathetic
ganglion(Kebabian and Greengard 1971) and the strongyles
N. americanus(Willett in press). Kisiel et al.(1976)
demonstrated that C. briggsae was able to synthesize
serotonin when supplied with 5-HTP, while Harpur(1964)
thought that serotonin may play a regulatory role in
carbohydrate metabolism in A. lumbricoides.

These previous

reports suggest that 5-HTP and dopamine may be involved in
the physiological processes of C.

elegans growth.

CHAPTER

VI

REFERENCES

Albertson, D. G., and Thomson, J. N. 1976. The pharynx of
Caenorhabditis elegans. Philosophical Transactions
Royal Society London Series B 275* 299-325*
Anya, A. 0. 1973* The distribution and possible neuropharmacological significance of serotonin(5hydroxytryptamine) in Aspiculuris tetraptera(Nematoda).
Comparative and General Pharmacology 4,149-156.
Bennet-Clark, H. C. 1976. Mechanics of nematode feeding. In
"The Organization of Nematodes"(N. A. Croll, ed.), pp.
313-3^2. Academic Press, New York.
Betto, E., and Raski, D. J. 1966. Attempts to inoculate
Xiphinema index with grape fanleaf virus by
microinoculation. Nematologica 12, 453-461.
Bird, A. F. 1976. The development and organization of
skeletal structures in nematode. In "The Organization
of Nematodes"(N. A. Croll, ed.), pp. 107-137. Academic
Press, New York.
Brenner, S. 1973* The genetics of behavior. British Medical
Bulletin 29> 269-271.
Brenner, S. 197^a. The genetics of Caenorhabditis elegans.
Genetics 77 > 71-94.
Brenner, S. 1974b. New directions in molecular biology.
Nature(London) 248, 785-787.
Byers, J. R., and Anderson, R. V. 1972. Ultrastructural
morphology of the body wall, stoma, and stomatostyle
of the nematode, Tylenchorhynchus dubius(Butschli.
1873) Filipjev, 1936. Canadian Journal of Zoology 50.

457-465.

Crofton, H. D. I97I. From, function and behavior. In "Plant
Parasitic Nematodes”(B. M. Zuckerman, W. F. Mai, and
R. A. Rohde, eds.), Vol. I, pp. 83-111. Academic
Press, New York.

101

102
Croll, N. A. 1972. Behavioural activities of nematodes.
Helminthological Abstracts 4lA, 359-377*
Croll, N. A. 1975a. Components and patterns in the behavior
of the nematode, Caenorhabditis elegans. Journal of
Zoology(London) 176, 159-176.
Croll, N. A. 1975b. Indolealkylamines in coordination of
nematode behavioral activities. Canadian Journal of
Zoology 53, 894-903*
Croll, N. A. 1976. Behavioural coordination of nematodes.
In ’'The Organization of Nematodes "(N. A. Croll, ed.) ,
pp. 343-364. Academic Press, New York.
Croll, N. A. 1977* Sensory mechanisms in nematodes. Annual
Review of Phytopathology 15» 75-89*
Croll, N. A., Smith, J. M., and Zuckerman, B. M. 1977. The
aging process of nematode Caenorhabditis elegans in
bacterial and axenic culture. Experimental Aging
Research 3» 175-199*
Curtis, D. R. 1964. Microelectrophoresis. In "Physical
Techniques in Biological Research”(W. L. Nastuk, ed.),
Vol. II, pp. 144-190. Academic Press, New York.
Danon, D., Goldstein, L., Marikovsky, Y., and Skutelsky,
E. 1972. Use of cationized ferritin as a label of
negative charges on cell surface. Journal
Ultrastructure Research 38, 500-510.
Danon, D., and.Marikovsky, Y. 1964. Determination of
density distribution of red cell population. Journal
of Laboratory Clinical Medicine 64, 668-674.
DeBell, J. T. 1965. A long look at neuromuscular junctions
in nematodes. Quarterly Review of Bioloerv. IT.S.A. An
233-251.
DelCastillo, J., and Morales, T. 1969* Electrophysiological
experiments on As caris lumbricoides. Experiments in
Physiology and Biochemistry 2, 209-273.
Doncaster, C. C. 1962. Nematode feeding mechanisms. I,
Observation on Rhabditis and Pelodera. Nematolo^ioa
8, 313-320.
-B-

103
Doncaster, C. C. 1966. Nematode feeding mechanisms. 2.
Observation on Ditylenchus destructor and D. myceliophagus feeding on Botrytis cinerea. Nematologica 12,

krf-%27.
Doncaster, C. C. 1971. Feeding in plant parasitic nemato¬
des: Mechanisms and behavior. In "Plant Parasitic
Nematodes”(B. M. Zuckerman, W. F. Mai, and R. A.
Rohde, eds.), Vol. II, pp. 137-157* Academic Press,
New York.
Doncaster, C. C*. ,• and Seymour, M. K. 1973* Exploration and
selection of penetration site by Tylenchida.
Nematologica 19> 137-145*
Dougherty, E. C., and Calhoun, H. G. 1948. Possible
significance of free living nematodes in genetic
research. Nature(London) l6l, 29*
Edgar, R., and Wood, W. B. 1977* The nematode Caenorhabditis elegans: a new organism for intensive biological
study. Science 198, 1285-1286.
Epstein, J., and Gershon, D. 1972. Studies on ageing in
nematodes. 4. The effect of antioxidants on cellular
damage and life span. Mechanisms of Ageing and
Development 1, 257-264.
Epstein, J., Himmelhoch, S., and Gershon, D. 1972. Studies
on ageing in nematodes. 3* Electron microscopical
studies on age-associated cellular damage. Mechanisms
of Ageing Development 1, 245-255*
Erlanger, M., and Gershon, D. 1970. Studies on ageing in
nematodes. 2. Studies on the activities of several
enzymes as a function of age. Experimental
Gerontology 5» 13-19*
Etherton, B., and Higinbothan, N. i960. Transmembrane
potential measurements of cells of higher plants as
related to salt uptake. Science 131, 409-410.
Finch, C. E. 1977* Neuroendocrine and autonomic aspects of
aging. In "Handbook of the Biology of Aging"(C. E.
Finch, and L. Hayflick, eds.), pp. 262-280. Van
Nostrand Reinhold Company, New York.
Gerschenfeld, H. M. 1973* Chemical transmission in inverte¬
brate central nervous systems and neuromuscular
junctions. Physiological Reviews 53, 1-119.

104
Giulian, D., and Diacumalos, E. G. 1977- The electrophysiological mapping of compartments within a mammalian
cell. Journal of Laboratory and Clinical Medicine 70,
80-103.
Goh, S. L., and Davey, K. G. 1976a. Acetylcholinesterase
and synapses in the nervous system of Phocanema
decipiens(Nematoda): a histochemical and ultrastruc¬
ture study. Canadian Journal of Zoology 54, 752-771 *
Goh, S. L., and Davey, K. G. 1976b. Localization and
distribution of catecholaminergic structures in the
nervous system of Phocanema decipiens(Nematoda).
International Journal for Parasitology 6, 403-411.
Goh, S. L., and Davey, K. G. 1976c. Selective uptake of
noradrenaline, dopa and 5-hydroxytryptamine by the
nervous system of Phocanema decipiens(Nematoda): a
light autoradiographic and ultrastruetural study.
Tissue and Cell 8, 421-435.
Harpur, R. P. 1964. Maintenance of Ascaris lumbricoides in
vitro-III. Changes in the hydrostatic skeleton.
Comparative Biochemistry and Physiology 57B 13» 71-85*
Hirsh, D., Oppenheim, D., and Klass, M. 1976. Development
of the reproductive system of Caenorhabditis elegans.
Developmental Biology 49, 200-219.
Hogger, C., Estey, R. H., and Croll, N. A. 1978. Xiphinema
americanum: Cholinesterase and biogenic amines in the
nervous system. Experimental Parasitology 45, 139-149.
Horvitz, B., Sulston, J., and White, J. 1979. The structure
and function of the C. elegans egg-laying system. In
"Abstracts of Papers Presented at the Meeting on C.
elegans", p. 60. Cold Spring Harbor Laboratory,
New York.
Hosono, R. 1978. Age dependent changes in the behavior of
Caenorhabditis elegans on attraction to Escherichia
cola. Experimental Gerontology 13, 31-36.
Jarman, M. 1976. Neuromuscular physiology of nematodes.
In "The Organization of Nematodes"(N. A. Croll, ed. ) ,
pp. 293-312. Academic Press, New York.
Kater, S. B., and Nicholson, C.(eds.) 1973. "Intracellular
Staining in Neurobiology". Spring-Verlag, New York.

105
Kebabian, J. W. , and Greengard, P. 1971. Dopamine-sensitive
adenyl cyclases possible role in synaptic trans¬
mission. Science 174, 1346-1349*
Kisiel, M. J., Deubert, K. H., and Zuckerman, B. M. 1976.
Biogenic amines in the free-living nematode
Caenorhabditis briggsae. Experimental Aging Research
2, 37-44.
Kisiel, M. J., Himmelhoch, S., Castillo, J. M., Zuckerman,
L. S., and Zuckerman, B. M. 1975* Studies on ageing
in Turbatrix aceti. Mechanisms of Ageing and
Development 4, 81-88.
Kisiel, M. J., Himmelhoch, S., and Zuckerman, B. M. 1974.
Caenorhabditis briggsae: Effects of aminopterin.
Experimental Parasitology 36, 430-438.
Klingler, J. 1970. The reaction of Aphelenchoides fragariae
to slit-like micro-openings and to stomatal diffusion.
Nematologica 16, 417-422.
Kohn, R. R. 1971* "Principles of Mammalian Aging”.
Prentice-Hall, Inc., Englewood, New Jersey.
Kolata, G. B.
774-776.

1979* New drugs and the brain. Science 205,

Kondo, E., and Ishibashi, N. 1978. Ultrastructural
differences between the propagative and dispersal
forms in pine wood nematode, Bursaphelenchus
lignicolus, with reference to the survival. Applied
Entomology and Zoology 13, 1-11.
Krnjevic, K., Mitchell, J. F., and Szerb, J. C. 1963.
Determination of iontophoretic release of acetyl¬
choline from micropipettes. Journal of Phvsiolos-v
165, 421-436.
-1-fea~
Lee, D. L. I962. The distribution of esterase enzymes in
As caris lumbricoides. Parasitology 52, 241-260.
Lee, D. L. 1970. The fine structure of the excretory
system in adult Nippostrongylus brasiliensis
(nematoda) and a suggested function for the excretory
glands. Tissue and Cell 2, 225-231.

106

McLaren, D. J. 1972. Ultrastructural and cytochemical
studies on the sensory organelles and nervous system
of Dipetalonema viteae(Nematoda: Filaridea).
Parasitology 6~5, 507-524.
McLaren, D. J. 1976. Sense organs and their secretions. In
"The Organization of NematodesM(N. A. Croll, ed.),
pp. 139-161. Academic Press,.New York.
McLaren, D. J., Burt, J. S., and Ogilvie, B. M. 1974. The
anterior glands of adult Necator americanus(Nematoda?
Strongyloidea): II. Cytochemical and functional
studies. International Journal for Parasitology 4,
39-46.
Nastuk, W. L.(ed.). 1964. "Physical Techniques in
Biological Research", Vol. II. Academic Press,
New York.
Nigon, V. 1949. Les modalites de la reproduction et le
determinisme du sexe chez quelques nematodes libres.
Annales des Sciences Naturelles Zoologie 11, 1-132.
Pai, S. 1928. Die phasen des lebenscyclus der Anguillula
aceti Ehrbg. und ihre experimentell-morphologische
beeinflussung. Zeitschrift Fur Wissenschaftliche
Zoologie 131, 293-344.
Pertel, R., Paran, N., and Mattern, C. F. T. 1976.
Caenorhabditis elegans: Localization of cholinesterase
associated with anterior nematode structures.
Experimental Parasitology 39, 4ol-4l4.
Riddle, D. L. 1978. The genetics of development and
behavior in Caenorhabditis elegans. Journal of
Nematology lo"I 1-16.
Rogers, W. P., and Head, R. I972. The effect of stimulus
for infection on hormones in Haemonchus contortus.
Comparative and General Pharmacology 3, 6-10.
Rohde, R. A. i960. Acetylcholinesterase in plant-parasitic
nematodes and an anticholinesterase from asparagus.
Proceedings of the Helminthological Society of
Washington 27, 121-123.
—
Rothstein, M. 1978* Aging and the alteration of enzymes: A
review. Mechanisms of Ageing and Development 4.
325-338.
-

107
Rothstein, M. , Gupta, S., and Hieb, W. F. 197^* Agerelated changes in specific activity of enzymes in
free-living nematodes. Gerontologist l4(pt. 2)s 32.
Saunders, U. R., and Burr, A. H. 1978. The pumping.
mechanisms of the nematode esophagus. Biophysical
Journal 22, 349-372.
Sulston, J. E. 1976. Post-embryonic development.in the.
ventral cord of Caenorhabditis elegans. Philosophical
Transactions Royal Society London Series B 275»
287-297.
Sulston, J. E., and Brenner, S. 1974. The DNA of
Caenorhabditis elegans. Genetics 77> 95-10A.
Sulston, J. E., Dew, M., and Brenner, S. 1975* Dopaminergic
neurons in the nematode Caenorhabditis elegans.
Journal of Comparative Neurology 163", 215-225.
Sulston, J. E., and Horvitz, B. 1977. Post-embryonic cell
lineages of the nematode, Caenorhabditis elegans.
Developmental Biology 58, 110-156.
Tattar, T. A., and Blanchard, R. 0. 1978. Electrophysiological research in plant pathology. Annual Review
of Phytopathology 14, 309-325.
Tattar, T. A., Stack, J. P., and Zuckerman, B. M. 1977*
Apparent nondestructive penetration of Caenorhabditis
elegans by microelectrodes. Nematologica 23t 267-289.
Vanfleteren, J. R. 1978. Axenic culture of free-living,
plant-parasitic and insect-parasitic nematodes.
Annual Review of Phytopathology 16, 131-157*
Voss, G., and Speich, J. 1978. Some properties of
cholinesterase of the plant nematode Aphelenchoides
ritzema-bosi. Experientia 32, 1498-1499*
Ward, S., Thomson, N., White, J. G., and Brenner, S. 1975*
Electron microscopical reconstruction of the anterior
sensory anatomy of the nematode Caenorhabditis
elegans. Journal of Comparative Neurology I60T
313-337.
Ware, R. W., Clark, D., Crossland, K., and Russell, R. L.
1975. The nerve ring of the nematode Caenorhabditis
elegans: sensory input and motor output. Journal of
Comparative Neurology 182, 71-110.

108

White, J. G., Southgate, E., Thomson, J. N., and Brenner,
S. 1976. The structure of the ventral nerve cord of
Caenorhabditis elegans. Philosophical Transactions
Royal Society, London, Series B 275* 327-348.
Willett, J. D..Control mechanisms in nematodes. In
"Nematodes as Model Biological Systems”(B. M.
Zuckerman, ed.), Vol. I. Academic Press, New York
(in press).
Wright, D. J., and Awan, F. A. 1976. Acetylcholinesterase
activity in the region of the nematode nerve ring:
improved histochemical specificity using ultrasonic
pretreatment. Nematologica 22, 326-331.
Wright, D. J., and Awan, F. A. 1978- Catecholaminergic
structures in the nervous system of three nematode
species, with observations on related enzymes.
Journal of Zoology(London) 185, 477-489.
Zuckerman, B. M. 1974. Ageing research utilizing freeliving nematodes. Helminthological Abstracts 43A,
225-239.
Zuckerman,

B. M.

1976. Nematodes as models for aging

studies. In "Organization of Nematodes"(N. A. Croll,
ed.), pp. 211-241. Academic Press, New York.
Zuckerman, B. M., and Himmelhoch, S. Nematodes as models
to study aging. In"Nematodes as Model Biological
Systems"(B. M. Zuckerman, ed.), Vol. I. Academic
Press, New York(in press).
Zuckerman, B. M., Himmelhoch, S., and Kisiel, M. J. 1975*
Membrane surface charge changes with age in the
nematode Caenorhabditis briggsae. Tenth International
Congress of Gerontology, Jerusalem, Israel, June
22-27, 2, 20.
Zuckerman, B. M. , Himmelhoch, S., Nelson, B., Epstein,
and Kisiel, M. J. 1971. Aging in Caenorhabditis
briggsae. Nematologica 17, 478-487.
Zuckerman,

B. M.,

Nelson,

B.,

and Kisiel, M.

J.,

1972.

Specific gravity increase of Caenorhabditis briggsae
with age. Journal of Nematology 4, 261-262.

